Semen enhances HIV infection in vitro, but how long it retains this activity has not been carefully examined. Immediately postejaculation, semen exists as a semisolid coagulum, which then converts to a more liquid form in a process termed liquefaction. We demonstrate that early during liquefaction, semen exhibits maximal HIV-enhancing activity that gradually declines upon further incubation. The decline in HIV-enhancing activity parallels the degradation of peptide fragments derived from the semenogelins (SEMs), the major components of the coagulum that are cleaved in a site-specific and progressive manner upon initiation of liquefaction. Because amyloid fibrils generated from SEM fragments were recently demonstrated to enhance HIV infection, we set out to determine whether any of the liquefaction-generated SEM fragments associate with the presence of HIVenhancing activity. We identify SEM1 from amino acids 86 to 107 [SEM1(86-107)] to be a short, cationic, amyloidogenic SEM peptide that is generated early in the process of liquefaction but that, conversely, is lost during prolonged liquefaction due to the activity of serine proteases. Synthetic SEM1(86-107) amyloids directly bind HIV-1 virions and are sufficient to enhance HIV infection of permissive cells. Furthermore, endogenous seminal levels of SEM1(86-107) correlate with donor-dependent variations in viral enhancement activity, and antibodies generated against SEM1(86-107) recognize endogenous amyloids in human semen. The amyloidogenic potential of SEM1(86-107) and its virus-enhancing properties are conserved among great apes, suggesting an evolutionarily conserved function. These studies identify SEM1(86-107) to be a key, HIV-enhancing amyloid species in human semen and underscore the dynamic nature of semen's HIV-enhancing activity.
H
uman semen is a complex biological fluid that begins as a gelatinous structure and, over time, undergoes regulated changes in consistency in a process termed liquefaction. Immediately upon ejaculation, it forms a viscous gel referred to as the coagulum. The major components of the coagulum are semenogelin 1 (SEM1) and SEM2, highly abundant proteins present at concentrations up to 20 mg/ml in seminal fluid (SF) (1) . SEMs are produced by the seminal vesicles and mixed with secretions from other male sex glands immediately prior to semen emission. During liquefaction, the coagulum transforms into a more fluid-like material due to site-specific and progressive proteolytic cleavage of the SEMs by prostate-specific antigen (PSA) (2) (3) (4) (5) . The molecular basis of how the SEMs polymerize to form the coagulum is not clear (1) , and indeed, the precise function of the coagulum is debated (6, 7) .
We recently showed that amyloids derived from SEM fragments promote HIV infection. Through the use of an amyloidspecific antibody, we identified SEM peptides that can self-assemble into amyloid fibrils that enhance HIV attachment to target cells (8) , similar to the mechanism by which semen-derived enhancer of viral infection (SEVI) amyloids (9) promote viral infectivity. Amyloidogenic SEM peptides with junctions corresponding to PSA cleavage sites (4) that range in length from 40 to 63 amino acids form amyloid fibrils that are sufficient to enhance HIV infection over 30-fold in vitro (8) . Importantly, whereas semen from healthy individuals markedly enhances HIV infection in vitro (8) (9) (10) (11) (12) (13) (14) (15) (16) , semen samples naturally lacking SEMs due to ejaculatory duct obstruction (EDO) fail to enhance HIV infectivity (8) . As amyloids derived from the SEMs have also been detected within the seminal vesicles of men, these fibrils may form even before semen emission (17) .
As liquefaction is one of the characteristic properties of human semen, we set out to determine how this natural process affects the ability of semen to enhance HIV infection. Because the previously identified amyloidogenic SEM fragments contain internal PSA cleavage sites, PSA could, in theory, further cleave the amyloids formed from these peptides, which may affect virus-enhancing activity. In the present study, we demonstrate that semen progressively loses virus-enhancing activity during prolonged periods of liquefaction. We identify a short, naturally occurring amyloidogenic SEM fragment [residues 86 to 107 of SEM1, or SEM1(86 -107)] whose levels correlate with both the changes in virus-enhancing activity during prolonged liquefaction and the variability in virus-enhancing activity between semen samples from different donors. This sequence, which shares the same amyloidogenic core as the previously identified SEM amyloids (8) , forms amyloids that potently enhance HIV infection. We further provide evidence for the presence of endogenous SEM1(86-107) amyloids in semen and, using bioinformatics and biochemical approaches, show that the amyloidogenic potential of this peptide is conserved in great apes. These results identify SEM1(86-107) as a key factor in semen that enhances HIV infection and suggest an evolutionarily conserved function for amyloidogenic peptides in primate semen.
MATERIALS AND METHODS
Semen and seminal vesicle samples. Deidentified semen samples were obtained from the University of California, San Francisco (UCSF) Fertility Clinic and the Kinderwunschzentrum (Ulm, Germany) under protocol CHR 11-06115. Protocols for the use of human semen were approved by the Committee on Human Research at UCSF.
(i) Fresh samples. For analysis during the early time points of semen liquefaction, fresh ejaculate was collected and incubated at room temperature. After 10 min, when the ejaculate liquefied sufficiently for pipetting, an aliquot was added to HIV-1 and immediately tested for its effects on HIV infection in TZM-bl cell cultures (described below). Aliquots of this ejaculate were tested at the indicated times following initiation of liquefaction.
(ii) Frozen samples. To generate a pooled SF stock solution, 20 deidentified semen samples from healthy donors were allowed to liquefy for 2 h at room temperature and were then frozen at Ϫ20°C. All samples were then thawed simultaneously, pooled, and centrifuged at 1,500 rpm for 30 min at 4°C to remove spermatozoa and debris. The supernatant was aliquoted, frozen at Ϫ20°C, and used as the stock solution of SF. To determine whether extending the liquefaction period affects the ability of SF to enhance HIV infection, the stock was thawed, diluted 5-fold with phosphate-buffered saline (PBS) in the absence or presence of the protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF; 5 mM; Sigma-Aldrich, St. Louis, MO), and incubated for an additional 0.5, 2, 4, 8, or 24 h at 37°C before being frozen. When the entire time course was completed, all samples were thawed and tested simultaneously for the ability to enhance HIV infection of TZM-bl cells. Of note, these incubation times indicate the liquefaction time in addition to the 2 h of liquefaction before the SF stock solution was generated.
Seminal vesicle fluid was aspirated from the seminal vesicles of men with prostate cancer at the time of radical prostatectomy under protocol CHR 10-05134. Men were excluded if any pathological evidence of prostate cancer was noted within the seminal vesicles.
Peptides and fibrils. All peptides of semen-derived sequences were chemically synthesized by Celtek Peptides (Nashville, TN) or CPC Scientific (Sunnyvale, CA) and dissolved in PBS (pH 7.0) at a concentration of 2.5 mg/ml. SEM(86-107) sequences are shown in Table 1 . Sequences not listed in Table 1 were those of SEM1(68-85) (TYHVDANDHDQSRKS QQY) and SEM2(93-109) (ATKSKQHLGGSQQLLNY) and the Otolemur garnettii repeat sequence (KTPQQQASQVTVV). To accelerate the nucleation of fibril formation, all peptide samples were agitated for 12 h in PBS at 37°C and 1,400 rpm in an Eppendorf Thermomixer, unless otherwise indicated. Agitation served to facilitate ex vivo fibril formation (18) . Amyloid formation was confirmed by thioflavin T (ThT) and electron microscopy (EM) analyses.
TZM-bl infectivity assays. Infectivity assays were performed essentially as described previously (8, 14) . 293T cells were transfected with CCR5-tropic 81A proviral DNA by Fugene (Promega, Madison, WI) and assayed for p24
Gag content by enzyme-linked immunosorbent assay (ELISA; Perkin-Elmer, Waltham, MA). The supernatant was diluted to 100 ng/ml of p24
Gag and treated for 5 min with semen, SF, or peptide/ amyloid at the indicated pretreatment concentrations. Treated virions (20 l) were added to 10 4 TZM-bl cells (280 l). To minimize the toxic effects caused by prolonged exposure of SF to target cells, the medium was replaced after 2 h, and infection was assayed 3 days later by quantitating ␤-galactosidase activity (Gal-Screen kit; Life Technologies, Carlsbad, CA). Background signals obtained from uninfected cells were subtracted from the values obtained with infected cells.
Viral fusion assays. BlaM-Vpr chimeric CCR5-tropic HIV-1 81A was produced by Fugene reagent (Promega)-mediated cotransfection of 293T cells with CCR5-tropic 81A proviral DNA (20 g), pCMV-BlaM-Vpr (6 g), and the pAdvantage vector (2 g), using methods previously described (19) . Two days later, the virus-containing supernatant was filtered through 0.22-m-pore-size Steriflip filter units (Millipore, Billerica, MA) to remove cellular debris and then aliquoted for storage at Ϫ80°C. Viral titers were measured by an anti-p24
Gag ELISA (Perkin-Elmer). To examine HIV-1 fusion to target cells, we performed a virion fusion assay (19) . BlaM-Vpr-containing 81A virions (170 ng/ml p24 Gag ) were preincubated with SEM1(86-107) fibrils (10 to 200 g/ml) or the appropriate negative control for 1 h at 37°C and then diluted 5-fold upon addition to 10 6 peripheral blood lymphocytes (PBLs) purified from buffy coats. Fusion was allowed to occur for 4 h at 37°C, after which target cells were washed once in CO 2 -independent medium and loaded with CCF2-AM dye according to the manufacturer's directions (Life Technologies). After two washes, cells were resuspended in 200 l of CO 2 -independent medium supplemented with 10% fetal bovine serum (FBS) and 2.5 mM probenecid (Sigma-Aldrich), a nonspecific inhibitor of anion transport. The plate was sealed and incubated for 16 h at room temperature, washed once with PBS supplemented with 1% FBS and 2 mM EDTA, and then immunostained with CD4-phycoerythrin-Cy7 and CD3-allophycocyanin-Cy7 (BD Biosciences, San Jose, CA) to allow gating of CD4 ϩ T cells. Cells were then fixed overnight in 2% paraformaldehyde, and fluorescence-activated cell sorting (FACS) was carried out using a BD LSRII flow cytometer. FlowJo software (TreeStar, Ashland, OR) was used for data analysis. Results were derived from gating on live, CD3 ϩ CD4 ϩ cells. Western blot analysis of SF. The equivalent of 0.2 to 1 l of SF was loaded onto 12.5% Criterion Tris-HCl polyacrylamide gels (Bio-Rad, Hercules, CA). Proteins were transferred onto nitrocellulose iBlot membranes (Life Technologies, Grand Island, NY) and blocked with PBS in the presence of 5% milk and 0.1% Tween 20. Commercial antibodies against albumin and lactoferrin were purchased from Sigma-Aldrich. Custommade antibodies against SEM amyloids (anti-S1) were described previ- ously (8) . Primary antibodies were used at a dilution of 1:1,000 to 1:40,000, and horseradish peroxidase-conjugated secondary antibodies were used at a final dilution of 1:5,000. Immunoblots were developed using a Western Lightning ECL kit (PerkinElmer).
PSA substrate assay. The PSA substrate methyl-O-Suc-Arg-Pro-Tyrp-nitroanilide was synthesized by CPC Scientific. Pooled SF stock was diluted to a concentration of 0.4% in PBS and incubated at 37°C with 0.4 mM substrate in the presence or absence of 5 mM AEBSF. Relative PSA activity was monitored by recording the absorbance at 405 nm on a spectrophotometer.
Mass spectrometry (MS). SF samples, generated as described above, were incubated at 37°C for the amounts of time indicated below in the absence or presence of 5 mM AEBSF and desalted with a ZipTip C 18 For monitoring SEM1(86-107) degradation in fresh semen, fresh ejaculates were incubated at 37°C for 1, 3, 5, or 8 h in the absence or presence of 5 mM AEBSF, desalted using a ZipTip C 18 pipette tip (Millipore), and analyzed by electrospray ionization (ESI) LC-MS/MS. In brief, desalted samples were separated by a home-packed C 18 reverse-phase column on a nano-LC Ultra 2D Plus system (Eksigent, Dublin, CA). A linear gradient, in which the percentage of phase B (2% ACN, 0.1% formic acid [FA]) was increased from 0 (at 0 min) to 40% (at 60 min) with a flow rate of 600 nl/min, was used. The total LC run time was 80 min. MS data were acquired using an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, Rockford, IL). Xcalibur Qual Browser software was used to process the raw MS data. The identity of SEM1(86-107) was confirmed by manual inspection of the MS and MS/MS data. Similar ESI LC-MS/MS methods were used to identify SEM2(93-109) from seminal vesicle fluid from three individual donors.
Absolute quantitation of SEM1(86-107) in semen from 19 donors was performed using an isotopic labeling-assisted MS strategy. Semen from 19 donors was allowed to liquefy for 2 h and then frozen. The samples were thawed simultaneously, and 50 l of each sample was spiked with 100 g/ml of a 13 C-and 15 N-labeled SEM1(86-107) peptide (Thermo Fisher Scientific, Rockford, IL), whose mass is 7 Da higher than that of the unlabeled counterpart. The samples were then desalted using ZipTip C 18 pipette tips (Millipore), and native peptides were eluted stepwise with 30% and 40% ACN and 0.1% TFA. The eluates were spotted onto a MALDI target (Waters, Milford, MA) and analyzed by MALDI MS using a SYNAPT G2 HDMS high-definition MS system (20) equipped with a MALDI ion source and a Triwave ion mobility separator. The mobility separator allowed gas-phase separation of peptides whose MS peaks overlapped that of SEM1(86-107). Details on the quantitation of SEM1(86-107) by ion mobility MS (IMS) (20) will be described in a separate report. Briefly, IMS and MS/MS data were acquired in the mobility TOF mode. The extraction of IMS data that correspond to data for SEM1(86-107), whose sequence was verified by MS/MS, produced MS spectra of the unlabeled and labeled peptides. The ratios of the MS peak intensities of unlabeled versus labeled SEM1(86-107) were calculated, and the absolute level of the unlabeled peptide in each sample was determined from those ratios. Correlations between the levels of SEM1(86-107) and the virusenhancing activity of individual semen samples were then assessed using Prism software (Irvine, CA).
To examine the cleavage of SEM1 protein by purified PSA, SEM1 protein was expressed and purified in Escherichia coli using a published plasmid construct (rSEMG1 in pET-100D/TOPO) and purification scheme (21) . Following purification on a nickel column, SEM1 was stored in 4 M urea. A final concentration of 2.5 mg/ml of SEM1 was incubated with PSA (1.6 mg/ml; Abcam, Cambridge, MA) at 37°C for 0 h, 3 h, 8 h, 24 h, 3 days, or 7 days. The time course samples were then desalted using ZipTip C 18 pipette tips (Millipore) and eluted with 50% ACN-0.1% TFA. The eluates were analyzed by MALDI MS using the SYNAPT G2 HDMS high-definition MS system.
Virus pulldown assay. The virion binding assay was conducted using methods similar to those previously described (10) . Briefly, 81A virions (100 ng/ml p24 Gag ) were incubated with peptide or fibrils (100 g/ml) for 3 h at 37°C. The samples were then centrifuged at 13,000 rpm for 10 min, and HIV levels in the supernatant and pellet were assayed with an antip24
Gag ELISA kit (Perkin-Elmer). Results are reported as the percentage of p24
Gag in the pellet relative to the total p24 Gag content. ThT binding. Peptides were added to 5 M ThT (Sigma-Aldrich) in PBS at a concentration of 125 g/ml. Increases in fluorescence (excitation, 440 nm; emission, 482 nm) were assayed in triplicate with a Perkin-Elmer Ls-5B luminescence spectrometer and an Enspire plate reader.
EM. Amyloid fibrils were prepared as described previously (22) and examined at 80 kV in a JEOL 1230 electron microscope. Representative fields were photographed with an Ultrascan USC1000 digital camera (Gatan, Pleasanton, CA). For immunogold labeling of fibrils, synthetic SEM1(86-107) fibrils or semen samples were adsorbed onto Formvarcoated grids and then blocked with 5% bovine serum albumin (BSA) in PBS for 15 min. Grids were then incubated with preimmune or postimmune serum from rabbits immunized with SEM1(86-107) fibrils (serum was custom produced by Pocono Rabbit Farms, Canadensis, PA) diluted 1:20 in PBS. Samples were then incubated with 10-nm gold-conjugated antirabbit antibody (Sigma-Aldrich) for 1 h in a water-saturated chamber. After rinsing three times with PBS and distilled water, the grids were stained using 2% uranyl acetate. Immunogold-labeled grids were examined using a JEOL JEM 1400 transmission electron microscope equipped with a charge-coupled-device camera operated at an accelerating voltage of 120 kV.
Confocal microscopy. For imaging the binding of SEM1(86-107) fibrils to virions, Gag-enhanced yellow fluorescent protein (EYFP) virions were produced by transfection of 293T cells with murine leukemia virus (MLV) Gag-EYFP and MLV-Gag-Pol expression plasmids using the calcium chloride method as described previously (23) . Preformed SEM1(86-107) amyloid fibrils (final concentration, 50 g/ml) were stained with a ProteoStat amyloid plaque detection kit (ENZ-51038 -K040; Enzo Life Sciences, Germany) and then incubated with EYFP-tagged virions for 15 min at room temperature. Controls included SEM1(86-107) fibrils in the absence of virions and virions in the absence of the fibrils. Images were acquired with an LSM710 confocal microscope (Zeiss, Germany). ProteoStat dye was excited by a 561-nm laser line, and the emission was collected using an MBS 458/561 beam splitter. EYFP was excited by a 514-nm laser line, and the corresponding emission was collected using MBS 458/514 beam splitters. All the images were taken with the pinhole set to 1 airy unit and a Plan-Apochromat ϫ63 (numerical aperture, 1.40) oil objective lens.
Image acquisition and postacquisition brightness/contrast adjustment were done with Zen-2010 software (version 6; Zeiss).
For imaging of endogenous semen amyloids, liquefied ejaculate samples (100 l) were mixed with 0.5% fish skin gelatin in PBS, and the mixture was incubated for 3 to 4 h at 4°C with preimmune or postimmune serum from rabbits immunized with SEM1(86-107) fibrils (serum was custom produced by Pocono Rabbit Farms). The antibody-amyloid complexes were pelleted at 13,000 rpm for 10 min, washed twice with PBS, and then pelleted. The pellet was dissolved in 0.5% fish skin gelatin containing PBS and treated with Alexa 488-conjugated secondary antibody for 3 h. The mixture was pelleted again, dissolved in PBS, and counterstained with ProteoStat dye. The Alexa 488 was excited by a 488-nm laser, the ProteoStat dye was excited by a 561-nm laser, and the respective emissions were collected using appropriate beam splitters. Plan-Apochromat ϫ63 (numerical aperture, 1.40) oil objective lenses on a Zeiss LSM710 confocal microscope (Oberkochen, Germany) equipped with Zen-Software were used to acquire images.
Nucleotide sequence accession numbers. Descriptions of the SEM protein sequences used in the bioinformatics analysis in this study are provided in Table 1 .
RESULTS
Fresh semen exhibits potent virus-enhancing activity that decreases with extended liquefaction. We previously demonstrated that liquefied semen enhances HIV-1 infection (9, 14) . The semen samples used in those studies were liquefied for a total of ϳ30 min and had undergone one freeze-thaw cycle before testing in infectivity assays. Here, we examined the effect of fresh ejaculateswhich had never undergone any freeze-thaw cycles or other processing steps-on HIV-1 infection, as this would most closely mimic the activity of semen during natural transmission. We found that fresh ejaculates potently enhanced infection (Fig. 1A) . Although enhancement activity was progressively reduced with increasing time of liquefaction, it remained significant even after 150 min (Fig. 1A) .
The reduced ability of semen to enhance HIV infection is associated with degradation of SEM fragments. We next focused on the molecular events occurring during prolonged liquefaction that lead to the progressive decrease in the virus-enhancing activity of semen. Experiments with fresh ejaculates, like those used for Fig. 1A , are logistically challenging, owing to issues related to the timing of sample collection with assay initiation and the lack of sufficient material from a single ejaculate for multiple assays. To overcome these issues, we generated a stock solution of seminal fluid (SF) (see Materials and Methods) for the next set of assays, which provided ample material to study the effect of enhancing factors in the absence of spermatozoa and debris.
As shown in Fig. 1B , SF stocks incubated at 37°C progressively lost the ability to enhance HIV infection, consistent with the results from fresh ejaculates. To assess whether the decrease in semen's virus-enhancing activity was due to proteolysis during prolonged liquefaction, we tested whether protease inhibitors could prevent this reduction. Using 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), a serine protease inhibitor that blocks PSA activity in semen (4) (see Fig. S1A in the supplemental material), restored the HIV-enhancing activity of SF (Fig. 1C) . Interestingly, the virus-enhancing activity after prolonged AEBSF treatment was increased compared to that of the starting SF stock, possibly due to the formation of new amyloids by amyloidogenic fragments protected from degradation in the presence of AEBSF. The addition of AEBSF in the absence of SF had no effect on HIV infection (see Fig. S1B in the supplemental material), indicating that the protease inhibitor was acting on factors in SF and not directly on HIV virions.
Western blot analyses were then used to determine whether the loss of virus-enhancing activity correlated with the degradation of SEMs. Samples described for Fig. 1C were immunoblotted with previously described antibodies generated against SEM1 fibrils (anti-S1) (8) . Multiple SEM fragments were readily detected in the SF stock solution, and their levels gradually decreased over time (Fig. 1D, Mock) . In comparison, degradation of SEM fragments was partially inhibited with AEBSF (Fig.  1D, AEBSF) . Degradation of SEM fragments over time was specific, as levels of the semen proteins albumin and lactoferrin were constant over this time course (Fig. 1D, bottom two  rows) . Free Zn 2ϩ , another inhibitor of PSA activity (24) , also prevented SEM degradation and rescued HIV-enhancing activity (data not shown). These findings reveal that extended liquefaction, during which PSA cleaves SEM into progressively smaller fragments, coincides with the loss of the HIV-enhancing activity of SF.
The presence of SEM1(86-107), a PSA-generated fragment, correlates with virus-enhancing activity during extended liquefaction. To determine whether the levels of any amyloidogenic SEM fragments correlate with changes in virus-enhancing activity during extended liquefaction, we subjected the time course samples for Fig. 1C to LC-MS/MS analysis. Surprisingly, masses of peptides corresponding to the six SEM1 and SEM2 amyloidogenic fragments previously described (8) were not detected. Instead, we identified shorter SEM fragments, including a 2,445-Da fragment that corresponded to SEM1(86-107), a 22-mer subfragment derived from the previously reported amyloidogenic SEM1 peptides SEM1(45-107), SEM1(49-107), and SEM1(68-107) (8) . SEM1(86-107) was present at the early stages of liquefaction but decreased in abundance by 8 h and was undetectable at 24 h. In contrast, in the presence of AEBSF, this fragment was readily detected at all time points (Fig. 2) . To ensure that degradation of SEM1(86-107) was not an artifact specific to SF having undergone the freeze-thaw process, we confirmed that degradation of this peptide also occurred upon extended liquefaction of fresh semen in a manner rescued by AEBSF (see Fig. S2 in the supplemental material). Of note, not all SEM1 peptides exhibited degradation kinetics like SEM1(86-107), where levels corresponded with HIVenhancing activity during extended liquefaction; in fact, some peptides increased in abundance as enhancing activity was lost (see Fig. S3 in the supplemental material).
SEM1(86-107) was, in fact, previously detected in SF by MS (8) but was not further analyzed because, at the time, the focus was on longer SEM peptides that overlapped with a region of SEM1 previously reported to be amyloidogenic in seminal vesicles (17) . The inability of the present MS experiments to detect these longer SEM1 fragments in the SF stock is likely because of efficient PSA cleavage at internal sites within these peptides (4) . Because the degradation kinetics of SEM1(86-107) correlated with reduced virus-enhancing activity during extended liquefaction, we further studied SEM1(86-107) metabolism using purified components.
Previously, SEM1(86-107) was reported to be a cleavage product of PSA (4). We confirmed that purified PSA catalyzes the release of SEM1(86-107) from recombinantly expressed SEM1 protein (see Fig. S4A in the supplemental material). PSA rapidly catalyzed the generation of SEM1(86-107) from SEM1 between 0 and 8 h but, interestingly, began to degrade the released SEM1(86- 107) with further incubation, as reflected in a decrease in SEM1(86-107) levels at 24 h. By 3 days, the level of SEM1(86-107) was minimal, and by 7 days, the fragment was no longer detectable (see Fig. S4A in the supplemental material). These data confirm that SEM1(86-107) is a PSA-generated fragment and suggest that PSA had a weak ability to further cleave SEM1(86-107), although this activity was unfavorable and apparent only after 24 h.
SEM1(86-107) forms HIV-enhancing amyloid fibrils in a manner accelerated by SEM amyloids from seminal vesicles.
SEM1(86-107) shares certain important properties with the other known HIV-enhancing amyloidogenic fragments (8, 9, 16) . First, it is highly cationic (pI 9.99), more so than its parental SEM1(68-107) peptide (pI 8.16) (Fig. 3A) (8) . Second, SEM1(86-107) contains a predicted amyloidogenic core GGSQQLL sequence at its C terminus, as determined by the ZipperDB amyloid prediction server (25) . The same amyloidogenic core is also present in other amyloidogenic SEM peptides (8) .
Because SEM1(86-107) catabolism coincided with the virus-
FIG 2 Endogenous SEM1(86-107) is degraded during prolonged liquefaction in a manner that is inhibited by AEBSF. Liquefied SF incubated for the indicated
times at 37°C in the absence (Mock) or presence of 5 mM AEBSF was examined by MS. In the absence of AEBSF, SEM1(86-107) was detected between 0 to 8 h but not at 24 h, whereas in the presence of AEBSF, it was readily detected at all time points. All mass spectra shown were from a retention time of 11.0 to 11.7 min, when elution of SEM1(86-107) is maximum. The different peaks correspond to different naturally occurring isotopes of singly charged SEM1(86-107), with the first peak corresponding to the monoisotopic peak (m/z ϭ 2,445.3 Da). enhancing activity of semen during extended liquefaction and this peptide was predicted to be amyloidogenic and highly cationic, we tested whether it could form virus-enhancing amyloid fibrils. We synthesized both SEM1(86-107) and SEM1(68-85), the other fragment released from SEM1(68-107) by PSA cleavage (Fig. 3A ) (4) . We found that SEM1(86-107), but not SEM1(68-85), formed amyloid fibrils, as assessed by thioflavin T (ThT) binding and electron microscopy (EM) (Fig. 3B and C) . Because semen fibrils have been demonstrated to enhance HIV-1 infection by directly binding the virions (8, 9) , SEM1(86-107) fibrils were tested for the ability to bind HIV-1. Using a fibril-virion binding assay previously described (10), we demonstrated that SEM1(86-107) fibrils, but not SEM1(68-85) fibrils, directly bind HIV-1 (Fig. 3D) . The direct interaction between SEM1(86-107) fibrils and yellow fluorescent protein-labeled virions was confirmed by confocal microscopy ( Fig. 3E; see Fig. S5 in the supplemental material) .
Having demonstrated that SEM1(86-107) fibrils bind HIV-1, the fibrils were then tested for the ability to enhance HIV-1 infection of a reporter cell line. Whereas nonfibrillar SEM1(68-85) was inactive, SEM1(86-107) fibrils increased the infectivity of virus for TZM-bl cells (Fig. 3F) . The ability of SEM1(86-107) fibrils to enhance HIV infection was superior to that of SEM1(68-107) fibrils (Fig. 3F) , likely because the former has a higher isoelectric point than the latter (Fig. 3A) . To determine whether SEM1(86-107) amyloids also enhanced HIV-1 infection of primary cells, CD4 ϩ peripheral blood lymphocytes (PBLs) were infected with CCR5-tropic HIV-1 81A packaged with a ␤-lactamase-Vpr reporter. Viral fusion was assessed by measuring the shift in fluorescence in target cells preloaded with the fluorescent compound CCF2, as previously described (19) . As shown in Fig. 3G, SEM1(86-107) fibrils, but not the SEM1(68-85) peptide control, increased viral fusion to CD4
ϩ PBLs in a dose-dependent manner. These results suggest that, like SEVI (9), SEM1(86-107) amyloids increase the fusion of HIV-1 to cellular targets.
Seminal vesicles have been shown to harbor SEM-derived amyloids (17) , and our data suggest that both virus-enhancing activity and the levels of SEM1(86-107) are high immediately postejaculation. We therefore postulated that seminal vesicle amyloids might seed and accelerate the polymerization of SEM fibrils immediately postejaculation. Consistent with published data (17), we detected fibrillar structures within seminal vesicle fluid (see Fig. S6A in the supplemental material) . By MS analysis, we could not identify the SEM1(86-107) fragment within seminal vesicle fluid. This was expected, since PSA is not expressed in the seminal vesicles and, therefore, SEM1(86-107), a PSA-generated fragment, would not be predicted to be present in this gland. We did detect, however, SEM2(93-109), which shares an identical GG SQQLL amyloid core but is not a PSA-generated fragment (4). We found that seminal vesicle-derived SEM2(93-109) was amyloidogenic (see Fig. S6B in the supplemental material) and accelerated the formation of amyloids from monomeric SEM1(86-107) peptide (see Fig. S6C in the supplemental material) . These findings support a model whereby SEM amyloid seeds in the seminal vesicle can facilitate the rapid polymerization of SEM1(86-107) fibrils at early times postemission, which may explain the high virusenhancing activity of semen at this stage.
Endogenous SEM amyloids are present in semen, and absolute levels of endogenous SEM1(86-107) correlate with virusenhancing activity. The data presented thus far suggest that SEM1(86-107) is present in semen and the synthetic peptide forms HIV-enhancing amyloids. To provide further evidence for the physiological relevance of SEM1(86-107) amyloids, we assessed whether endogenous SEM amyloids are present in semen. Endogenous amyloids in semen were imaged by EM using recently published techniques (23) . Distinct fibrils with structures similar to those of synthetic SEM fibrils could be detected in semen. Immunogold labeling of these endogenous semen fibrils using antibodies generated against SEM1(86-107) amyloids revealed that these fibrils were reactive against anti-SEM1(86-107) (Fig.  4A) . As a second approach to visualize endogenous SEM amyloids, we stained semen with ProteoStat, an amyloid-specific dye that binds endogenous semen amyloids (23) . Costaining of semen with ProteoStat and antibodies generated against SEM1(86-107) revealed colocalization of anti-SEM1(86-107), but not preimmune serum, with endogenous amyloids (Fig. 4B) . Of note, not all ProteoStat-stained structures reacted with anti-SEM1(86-107), suggesting that some endogenous amyloids are made up of other amyloidogenic peptides, for example, SEVI, as recently demonstrated (23) . These data together suggest that endogenous SEM1(86-107) amyloids are present in semen.
To assess the levels of SEM1(86-107) naturally present in semen, we carried out quantitative IMS analysis of 19 semen samples from different donors. This analysis revealed that endogenous levels of SEM1(86-107) varied from 28 to 267 g/ml (mean, 96.5 Ϯ 71.3 g/ml). Because 10 g/ml SEM1(86-107) already significantly enhanced viral infection (Fig. 3) , it can be concluded that physiologically relevant levels of SEM1(86-107) have potent virus-enhancing activity. Side-by-side comparison of the virusenhancing activity of SF with that of the average physiological concentration of SEM1(86-107) fibrils (96.5 g/ml) revealed that up to ϳ30% of the enhancing effects of SF can be accounted for by the concentrations of SEM1(86-107) present in this fluid (see Fig.  S7 in the supplemental material). We further determined whether the absolute levels of SEM1(86-107) correlated with virus-enhancing activity. The 19 samples tested for endogenous SEM1(86-107) levels were tested for the relative ability to enhance HIV-1 infection of TZM-bl cells. As shown in Fig. 5 , the relative levels of SEM1(86-107) in these samples significantly correlated with relative virus-enhancing activity. These findings suggest that SEM1(86-107) is likely a major contributor toward the ability of semen to enhance HIV infection.
Amyloid formation from SEM peptides is conserved in primates. SEM1(86-107) amyloids enhance HIV-1 infection, but these sequences are not likely to have evolved for this purpose. If, instead, SEM1(86-107) serves a physiological function, we would expect it to be conserved within the human population and across other species. To test this, we performed a comparative genomic analysis of the conservation of SEM1(86-107) in humans and nonhuman primates (NHPs) ( Table 1A) . According to dbSNP135, a human polymorphism database, a human variant of SEM1(86-107), rs61729393, codes for a L100Q substitution with a minor allele frequency of ϳ1.4%. The SEM1(86-107) ortholog in chimpanzees (Pan troglodytes) contains a single amino acid substitution, Q97E. The NHPs Pan paniscus, Pongo abelii, and Pongo pygmaeus share this genotype, whereas other NHPs have additional substitutions. Both human SEM1(86-107) variants consistently formed fibrils, as assessed by ThT fluorescence (Fig. 6A) . The Q97E sequence present in P. troglodytes, P. paniscus, P. abelii, and P. pygmaeus exhibited a positive ThT signal, as did the SEM1(86-107) orthologs from Gorilla gorilla and Hylobates klossii (Fig. 6A) . EM confirmed that the ThT signal observed for the Q97E sequence corresponded to that of genuine amyloids, although interestingly, these fibrils were thinner than amyloids made up of human SEM1(86-107) (Fig. 6B) .
Because some primates, including humans, have a second SEM protein, SEM2, we also assessed amyloid formation by primate orthologs of SEM2(86-107) (listed in Table 1B ). ThT analysis of the SEM2(86-107) peptides revealed that the human SEM2(86-107), which is identical to the ortholog in G. gorilla, formed amyloid fibrils, as did the P. troglodytes and P. paniscus SEM2(86-107) orthologs. In contrast, the other NHP SEM2(86-107) orthologs did not (Fig. 6C) . Interestingly, all SEM orthologs that formed amyloids enhanced HIV infection, whereas those that did not form amyloids lacked virus-enhancing activity ( Fig. 6D and E) . These data indicate that humans, P. troglodytes, P. paniscus, P. abelii, P. pygmaeus, G. gorilla, and H. klossii all have at least one SEM(86-107) sequence (from either SEM1 or SEM2) that forms amyloid fibrils capable of enhancing viral infection. These species are all great apes, with the exception of H. klossii, which is classified as a lesser ape. As such, species that harbor an amyloidogenic SEM(86-107) sequence are more closely related to each other than to other NHP species.
Some NHPs lack an ortholog of human SEM(86-107). We speculated that in such species, amyloidogenic sequences elsewhere in the SEM protein may substitute as a source of amyloids. We found that an example of this phenomenon may occur in the lemur Otolemur garnettii, which lacks SEM1 but harbors one copy of SEM2. Although this SEM2 lacks a sequence orthologous to human SEM(86-107), it has a strikingly unusual ϳ3-kb insertion encoding 77 tandem copies of a cationic glutamine-rich repeat sequence (26) (Fig. 6F) . As glutamine-rich sequences are commonly associated with amyloid formation (27) and the ZipperDB server predicted the repeated sequence to be highly amyloidogenic (data not shown), we tested whether this O. garnettii peptide forms amyloids. A chemically synthesized peptide corresponding to a single repeat (pI 8.75) formed amyloid fibrils and enhanced viral infection in a dose-dependent manner (Fig. 6G to I) . These results suggest that primates can have sources of cationic amyloidogenic SEM peptides lacking homology to human SEM1(86-107) and imply that the presence of cationic amyloids may be a general property of primate semen.
DISCUSSION
As semen is present during most cases of sexual HIV transmission, it is important to consider its effect on viral infectivity in efforts to limit the spread of HIV. Numerous studies have shown that semen enhances HIV infection in vitro under conditions minimizing the toxic effects of semen in cell culture (8) (9) (10) (11) (12) (13) (14) (15) (16) . In this study, we set out to study the effect of liquefaction on semen's virus-enhancing activity. In doing so, we identified SEM1(86-107) as a naturally occurring, conserved PSA-generated amyloidogenic fragment whose presence correlates with the progressive loss of semen's virus-enhancing activity during prolonged liquefaction. SEM1(86-107) levels are maximal immediately postemission, when the virus-enhancing activity of semen is high, and this activity is progressively diminished during liquefaction in a manner that can be rescued by inhibiting the activity of serine proteases. Synthetic SEM1(86-107) peptide forms amyloid fibrils that directly interact with HIV-1 virions. Furthermore, amyloids in semen bind anti-SEM1(86-107) antibodies, suggesting that endogenous amyloids, which are present in human semen (23) , are partly made up of SEM1(86-107) fragments. The relevance of SEM1(86-107) in semen's ability to enhance viral infection is further supported by our observation that endogenous levels of SEM1(86-107) correlate with virus-enhancing activity in a panel of 19 semen samples from different donors and that physiological levels of this fragment have a potent ability to enhance HIV infection of both cell lines and primary cells.
Our observation that semen exhibits maximal virus-enhancing activity immediately postemission, combined with the prior observation of SEM amyloids being present in seminal vesicles (17) , is consistent with a model in which preformed seminal vesiclederived amyloids facilitate the rapid polymerization of PSA-generated SEM1(86-107) into amyloid fibrils in semen. Supporting this model is our finding that seminal vesicle fluid harbors peptides that form amyloids capable of seeding the polymerization of SEM1(86-107) into fibrils. Once polymerized, SEM1(86-107) fibrils can facilitate HIV infection but, at the same time, are subjected to proteolysis by seminal proteases. The proteolytic activity of seminal proteases therefore appears to be responsible for both generating and, with sufficient time, degrading the peptide that forms the SEM1(86-107) fibrils. Thus, seminal proteases may be a double-edged sword, a factor that can both facilitate and destroy semen's virus-enhancing activity, depending on how long it is in contact with SEM. As such, microbicide strategies aimed at inhibiting the activity of seminal proteases to prevent the generation of SEM1(86-107) may, in fact, extend the window of opportunity for semen to enhance HIV infection. The identity of the protease(s) that degrades SEM1(86-107) is unknown. Although purified PSA degraded SEM1(86-107), it did so only at Ͼ24 h of treatment (see Fig. S3 in the supplemental material) and is therefore unlikely to be the primary SEM1(86-107)-cleaving protease. Given that degradation of SEM1(86-107) in semen is inhibited in the presence of a serine protease inhibitor, it is likely that the responsible protease(s) is another serine protease(s), such as the numerous kallikrein-related peptidases expressed in human semen (28) (29) (30) .
The fact that semen loses virus-enhancing activity with time brings up the question of whether this activity is retained long enough to promote viral transmission in the in vivo setting. As shown in Fig. 1 , SF retains virus-enhancing activity for over 8 h postemission. Because simian immunodeficiency virus can infect cells of the vaginal mucosa within 60 min of vaginal exposure (31) , semen likely has ample opportunity to promote transmission within the genital mucosa. Besides the liquefaction period, the virus-enhancing activity of semen can also vary due to donordependent differences (8, 14) (Fig. 5) , and even longitudinal samples isolated from the same donor can differ in the extent to which they enhance HIV infection (32) . Whether differences in protease activity in these samples underlie this variability remains to be determined.
We found that amyloid formation occurred in all the human variants of SEM(86-107) and in at least one corresponding ortholog from P. troglodytes, P. paniscus, P. abelii, P. pygmaeus, G. gorilla, and H. klossii (Fig. 6) . Apart from H. klossii, all of these species are classified as great apes. These data suggest that an ancestor of the great apes acquired an amyloidogenic SEM(86-107) sequence. Although the ability of SEM(86-107) to form amyloids appears to be somewhat limited to great apes, we predict that amyloidogenic peptides are generally present in the semen of all NHPs, given that multiple amyloid species are present in semen (9, 16) . In support of this idea, the O. garnettii SEM protein lacks a sequence homologous to human SEM1(86-107) but contains a unique Gln-rich repeat sequence that forms cationic amyloid fibrils with properties similar to those of SEM1(86-107) fibrils, including the ability to enhance lentiviral infection. As no primary sequence homology exists between the O. garnettii repeat sequence and human SEM(86-107), this appears to be a case of convergent evolution. The NHP semen analysis in this study was limited to examining synthetic peptides, but future studies examining the constituents and structures of endogenous amyloids in semen from NHPs should be conducted to confirm whether semen amyloids are indeed conserved in primates. As the viscosity of NHP semen differs between species (semen from some primates, such as chimpanzees, forms a firm copulatory plug) (26) , it would be intriguing to test whether the different amyloidogenic sequences in NHPs generate variant fibril structures that affect semen consistencies.
Why do multiple amyloidogenic peptides exist in semen? Amyloidogenic peptides from SEM1, SEM2, and prostatic acid phosphatase (the precursor protein for SEVI) could serve distinct functions and/or coassemble together to form heteromeric amyloids with different physical properties. Although the purpose of having multiple amyloidogenic semen peptides remains elusive, all the amyloidogenic semen peptides identified thus far (i) derive from abundant proteins whose expression is relatively specific for male reproductive organs and (ii) are cationic. These common features suggest that, while seemingly redundant, these proteins might serve an important physiological role, perhaps in reproduction. Intriguingly, semen from EDO patients lacks SEM and SEVI amyloids (8) , and these patients are infertile. It will be vital to determine whether semen amyloids promote fertility, since if they do, such knowl-edge would be an important consideration for any HIV microbicide strategy targeting these structures.
